Abstract. Materials processing utilizing ultrashort near-infrared (NIR) laser pulses with duration in the range of tens to hundreds of femtoseconds (1 fs = 10 −15 s) has attracted a great deal of interest in the scientific and industrial world recently. Unfortunately, a number of materials that often exhibit great technological and scientific importance are transparent in NIR, making it very difficult to process them by laser radiation in this spectral range. Here, we present a new method for the efficient structuring of the surface of materials by applying femtosecond NIR laser pulses simultaneously with a weak extreme ultraviolet (XUV) beam, which leads to very strong radiation-matter interaction, bringing a dramatic increase in the surface processing speed. A laser system providing 5 mJ, 820 nm, 32 fs, 10 Hz pulses was used to generate high-order harmonics with the strongest spectral line at 21 nm and with a conversion efficiency of ∼5%. The two beams were focused on the samples by using an off-axis paraboloidal multilayer mirror. As an example, we present the results of the surface nanostructuring of thin films of amorphous carbon and poly(methyl methacrylate) deposited on bulk substrates. We discuss the physical mechanisms that lead to the laser-induced periodic surface structures when our method is used.
Introduction
With the advent of table-top, high-repetition-rate, femtosecond laser systems, there has been a great deal of interest in the field of materials machining using ultrashort laser pulses. The applicability of femtosecond laser pulses in material science has been demonstrated by numerous experiments, including experiments on the processing of semiconductors [1, 2] , dielectrics [2] [3] [4] [5] , polymers [6] and metals [7] [8] [9] . The problem has also been broadly addressed in the recent literature [10] . However, most of the optically transparent materials, which have attracted attention due to their various applications, are resistant to intense long-wavelength radiation. For example, polymers and dielectrics exhibit very low linear absorption coefficient values in the near-infrared (NIR) spectral region. Hence the laser ablation threshold is very high for these materials [6] , which results in a low machining efficiency [3] .
In a recent work [11] , we have demonstrated a new method in which visible (vis) and extreme ultraviolet (XUV) beams are combined to modify the surface of an otherwise infrared (IR)-transparent poly(methyl methacrylate) (PMMA) sample. This method addresses the problem of the efficiency of structuring the surface of IR-radiation-resistant materials. In this paper, we present new results showing that the method is also applicable for the more efficient creation of rippled or laser-induced periodic surface structures (LIPSS); nanostructures on amorphous carbon (a-C) provide a tool for quickly modifying the tribological properties of the sample. We also discuss how LIPSS structures arise when the dual-action technique is used.
Experimental setup
In the demonstration of our method [11] , we investigated PMMA and showed that if femtosecond NIR laser pulses generated by a titanium-sapphire laser system are applied simultaneously with an XUV beam, the surface processing efficiency is significantly enhanced when compared with the case when NIR pulses alone are applied. Both uniform material expansion and spikes formation, which are quite unique responses, were observed in these initial experiments.
Here, we present our recent results of the surface nanostructuring of a-C samples using this technique. The experimental setup is shown in figure 1. For highly efficient XUV high-order harmonic generation, a two-colour laser field scheme was developed, built and optimized [12, 13] . Femtosecond laser pulses at the central wavelength of 820 nm with an energy Figure 1 . The experimental setup. High-order harmonic generation was obtained in the so-called 'two-colour' scheme. NIR femtosecond laser pulses were focused by a spherical mirror into the longitudinal He gas jet. A BBO crystal was placed between the jet and the mirror to generate SH of the fundamental laser field with a CE of 27%. All the beams (NIR at 820 nm, vis at 410 nm and XUV at 21.6 nm) were focused by an OAP mirror on a sample. of 5 mJ and pulse duration of 32 fs, 10 Hz were focused using a spherical mirror ( f = 600 mm) into a He gas jet. For second harmonic (SH) generation a 200 µm-thick β-barium borate (BBO) was placed 400 mm from the focusing mirror providing a conversion efficiency (CE) into SH of about 27%. A gas jet with a slit nozzle of 0.5 mm width and 6 mm length was used. The pressure in the interaction region was ∼200 mbar. The XUV source was optimized for the strongest spectral line at 21.6 nm and characterized using a flat-field soft x-ray spectrometer. It provided 150 nJ per pulse at the 38th harmonic order. The remaining NIR-vis and XUV beams were all focused by a multilayer (Mo/Si) off-axis paraboloidal (OAP) mirror ( f = 125 mm, 13
• , R = 37% at 21 nm). A sample was placed at a fixed distance of 125 mm from the OAP. In the case where the sample was irradiated solely by NIR-vis radiation, the gas puff was turned off. Since the CE into XUV radiation of the setup was ∼10 −5 , we consider the NIR-vis beam intensity as not yet depleted if harmonics are generated and illuminate the sample together with NIR-vis beams. We did not observe any changes in the transverse mode profile of the NIR-vis beams when the gas puff was turned on or off.
We have examined two types of samples: a 500 nm layer of PMMA spin coated on a 315 µm-thick silicon substrate (Silson, UK) and an 890 nm layer of a-C deposited by magnetron sputtering on a bulk silicon substrate (GKSS Research Centre, Germany). The morphology of the irradiated target surfaces was investigated with a Nomarski differential interference contrast microscope (BX50M and BX60M) and with an atomic force microscope (AFM; Dimension 3100 driven by a NanoScope IV controller; Veeco, USA) operated in the tapping mode. The estimated single-shot average fluences on the sample surface were 45 mJ cm −2 at 820 nm, 18 mJ cm −2 at 410 nm and 0.3 mJ cm −2 at 21.6 nm. All these values lie far below the ablation threshold for PMMA in the NIR (2.6 J cm −2 for a single shot and 0.6 J cm −2 for 100 shots [14] ) as well as in the XUV (2 mJ cm −2 [15] ) spectral regions. The contribution of other harmonic orders is negligible due to the high spectral selectivity of the multilayer structure of the OAP mirror (in the EUV range centred at 21.6 nm). There are very few data on the ablation threshold of a-C. For multi-pulse irradiation of polycrystalline carbon by 100 fs laser pulses at 800 nm, the ablation threshold is estimated to be of the order of a few J cm −2 [16] . For 25 fs, free-electron laser pulses at 32.5 nm and a-C layer thickness of 46 nm, the single-shot ablation threshold is ∼60 mJ cm −2 (estimation error ∼50%) [17] . For a 1.7 ns, Ne-like Ar capillary discharge laser at 46.9 nm, the ablation threshold has been estimated to be ∼1.1 J cm −2 in the single-pulse irradiation regime [18] . The irradiation conditions did not change for the two samples. Figure 2 shows the experimental results of PMMA processing. Figure 2 (a) presents an image from a Nomarski DIC microscope of the sample irradiated with NIR-vis photons alone (∼63 mJ cm −2 in total), whereas figure 2(b) shows the sample exposed to the combined XUV/NIR-vis field (45 mJ cm −2 at 820 nm, 18 mJ cm −2 at 410 nm and 0.3 mJ cm −2 at 21.6 nm). The sample irradiated solely with NIR-vis light exhibits negligible surface changes, while The experiment was performed in the single-shot regime. The root mean square (rms) microroughness of the samples illuminated by NIR-vis and XUV/NIR-vis was estimated to be 4.7 and 176.5 nm, respectively (evaluated only in the interaction region), while that of the unexposed sample was 5.7 nm [19] .
Results
Even stronger enhancement of the surface processing by the dual action was observed on the a-C sample (figure 3). LIPSS, or 'ripples', with a spatial period of ∼550 nm were created during 10-shot exposure in both cases; however, a clear difference was observed in modulation depth: the peak-to-valley depth was ∼130 nm for the NIR-vis (∼63 mJ cm −2 )-irradiated sample (figures 3(a) and (c)), whereas it was ∼200 nm for the combined XUV/NIR-vis fields (45 mJ cm −2 at 820 nm, 18 mJ cm −2 at 410 nm, and 0.3 mJ cm −2 at 21.6 nm; figures 3(b) and (d)). Moreover, despite its random distribution, the frequency of occurrence of LIPSS is much higher in the case of the dual-field irradiation. A detailed analysis of AFM scans revealed that in the case of figure 3(a), only about 4% of the interaction region was covered with LIPSS, whereas in the case of figure 3(b) it was as much as 27%. In the case of the samples shown in figure 3 , the rms microroughness was 13.5 nm for NIR-vis irradiation, 46.2 nm for XUV/NIR-vis and 8.3 nm for the unexposed sample. A detailed view of LIPSS created on a-C by dual action is presented in figure 4 . The general view of these structures is presented in figure 7 . The efficiency of the dual action is much higher than that in our previous experiment [11] owing to the larger output from the driving Ti-doped sapphire laser system. Here, using only a single shot, we obtained structures (figure 2(d)) similar to those achieved with 50 shots earlier.
Laser-induced periodic surface structures creation mechanism
Since the first observation of them in 1965 [20] , the formation of LIPSS has been frequently reported in the literature. Typically, LIPSS are observed in many different samples: dielectrics, metals and semiconductors. In general, two distinct types of LIPSS structures are known: (i) LIPSS-I (also referred to as LIPSS of the first kind, or coherent LIPSS) and (ii) LIPSS-II (also known as LIPSS of the second kind, or incoherent LIPSS) [21] . LIPSS-I display dependences on wavelength, polarization, coherence properties and angle of incidence of the laser beam. They are usually observed at the outer side of the interaction crater where the fluence does not exceed the ablation threshold [22] . In contrast to LIPSS-I, incoherent LIPSS are sensitive to total energy deposition on the sample and the laser pulse duration. They appear in the centre of the crater. A majority of the initial experiments on the creation of LIPSS were performed using continuous wave, nanosecond or sub-nanosecond laser pulses. Later, LIPSS were also produced by using laser systems providing pulses of ultrashort duration of the order of fs) [23] . In most recent experiments, laser pulses with duration >100 fs were used. Usually, the fluence is adjusted to fall just below the ablation threshold of an investigated material, and typically 20-30 NIR laser pulses are needed to obtain ripple structures on surfaces. The entire range of currently available laser sources allows the study of different LIPSS to show their dependence on the laser pulse duration, light coherence, polarization, fluence on the sample, total dose of deposited radiation, etc.
Even though nearly 50 years have passed since the publication of Birnbaum's work [20] , the LIPSS mechanism remains ambiguous. Initially LIPSS-I were interpreted using a simple model where the interference between the incident light and waves scattered at material inhomogeneities induced the creation of periodic surface structures [22] . The scattered wave 7 was assumed to propagate along the target surface. The first LIPSS model described in detail in [24] , however, did not explain, for example, the relationship between LIPSS period and the value of the index of refraction of the sample. The problem was addressed by using a more sophisticated radiation remnants model [25] . In general, there are two conditions to be fulfilled for successful LIPSS creation. One is the aforementioned interference. The other is the response of the sample material to the periodic modulation of deposited energy. In most cases the first model is used. When a more sophisticated approach is needed to match the experimental results, the second one is used.
Previous works have pointed out interesting LIPSS properties. Of particular interest is [26] . The authors of [26] show that SEM images reveal that crests of LIPSS-I structures created on a krypton-doped silicon sample are strongly affected by krypton bubbles which emerge from the sample material through the silicon surface. This clearly indicates that at these sites the melting process took place. Other publications explain LIPSS-II by means of 'frozen' acoustic [27, 28] or capillary [28] waves, as well as by thermocapillary [29] or Kelvin-Helmholtz [30] instabilities.
The physical mechanism of LIPSS formation like that observed in our experiments has been broadly discussed in the literature [1] [2] [3] [4] [5] [6] [7] [8] [9] , [14] . A few of the phenomena present when LIPSS are created using femtosecond laser pulses have been suggested (such as the incubation effect, free charge carrier absorption preceded by ionization of the surface of a material, neutral atom desorption and positive ion emission due to Coulomb explosion); however, the complete process has not been elucidated yet. Thus, based on known physical mechanisms and our observation a new, broader scenario is proposed to explain LIPSS creation using IR/vis together with XUV ultrashort pulses.
We have observed that the XUV-NIR dual action significantly increases the efficiency of material surface structuring and LIPSS production. To explain this enhancement, we refer to the observation of the creation of LIPSS structures of the second kind. In order to obtain these structures there had to take place very strong isochoric heating of the near-surface volume by impinging a laser pulse. Such a temperature increase leads to the rapid growth of pressure in the interaction region. This very unstable state relaxes through material melting and formation of rippled structures that make possible a reduction in local tensions on the material surface. The NIR radiation is strongly absorbed thanks to the creation of defects (e.g. colour centres) in the material, which is normally transparent in this spectral range [31, 32] . It has been shown that it is possible to create defects with the use of UV and XUV photons [33] as well as with ultra-intense NIR laser radiation, which are responsible for the incubation effect [34] . The creation of colour centres results in the appearance of new electronic states inside the material band gap, leading to enhancement of absorption through these states [5] . In our case, the presence of such defects is inferred from figure 2(a) , where material modification can be clearly seen with the Nomarski optical microscope but, surprisingly, no surface modification at all is found in the corresponding AFM images (cf the inset of figure 2(a) ). Nevertheless, it should be stressed that the development of defects takes a much longer time than the duration of the laser pulses used in our experiment (32 fs). Thus absorption through new energy levels located in the bandgap, having their origin in the appearance of defects, is not expected to play a key role in our experiment. The strong coupling of the NIR laser beam with XUV/NIR-irradiated solids might then be attributed to efficient creation of free electrons through linear absorption of highly energetic XUV photons. The occurrence of free electrons during the LIPSS creation process has been proved using time-of-flight mass spectrometer measurements [35] . The clouds 8 of free electrons are subsequently subjected to free-carrier absorption of NIR light, leading to an increase in the absorption coefficient of optical radiation.
It has been proven by ultrafast electron diffraction measurements that before the rippled structures are created, a very thin layer of material (∼30-40 nm) on the surface of the sample is melted as a consequence of a non-thermal phase transition induced by very intense femtosecond laser pulses [36] .
In order to verify whether phase transition took place in our experiment, we performed Raman measurements, in the usual back scattering geometry, with a Raman spectrometer (Renishaw Ramascope; UK) equipped with a CCD camera and a Leica DMLP microscope. Typically, Ar + laser (514.5 nm) spots with a diameter of 4 µm were used. This tool enabled us to probe selected locations on the sample surface.
Typical Raman spectra of a-C exhibit, at 1530 cm −1 , the shape of two overlapping bands: a high-frequency G-band and a low-frequency D-band. An increase in D-band is indicative of graphitic sheets growing in the material; for details, see, for example, [37] . In figure 6 , a remarkable increase in D-band can be seen in both areas damaged by long-wavelength radiation (figure 6(a)) as well as by the mixed field of long-and short-wavelength radiation ( figure 6(b) ). Thus the presence of a high degree of graphitization in the a-C layer exposed to multiple shots of NIR-vis and XUV/NIR-vis radiation was proved.
When a material surface is molten, convective mass transport can be considered. The material is subjected to spatial modulation of light intensity originating from the interference of the light scattered on inhomogeneities (inclusions or defects) in the material with the incident beam (as assumed by LIPSS theory). The sites of higher enthalpy correspond to the crest of the intensity distribution waveform. In other words, there is spatial modulation of pressure in the molten material. At places where the pressure is higher, there is a temporary force exerted on each liquid particle, and the magnitude of the force vector will be proportional to the local pressure. Globally, there will be modulation of the pressure gradient with direction towards the sites where the pressure is highest (or, equivalently, the intensity is highest). In such a 'liquid', collective behaviour in the form of convection currents is expected (analogous to the well-known phenomenon of convective currents induced by Gaussian laser beams) [38, 39] . Such convective currents cause the transport of the material into areas of higher-light-intensity sites (figure 5). To confirm our hypothesis, we have performed simulations of the intensity pattern created on the surface of material by the interference of light scattered on the surface (e.g. on F-centres) and the incident beam. The structure of the periodic surface pattern shown in figures 4(a) and (b) and figure 7(a) is predominantly determined by a transverse periodic intensity distribution as, for example, depicted in figure 7(b) . Such modulation of the intensity is usually attributed to two or more mutually interfering light waves. In the following, the interference between the incident field and the back-reflected field from a spherical grain in the material is considered as a model (just as in [24] ).
As the input parameters of the model, we insert complex indices of refraction of both the spherical grain (n 1 = 2.5-0.8i; assumed value) and surrounding material (n 2 = 2.624-0.657i; measured experimentally using the samples of a-C engaged in the experiment), the radius of the sphere (R = 50 nm), distance of its centre to the observation plane (d = 300 nm) and initial polarization vector (parallel to the Y-axis in figure 7(b) ). Let us assume a planar linearly polarized wave travelling through a pristine material having a complex index of refraction. Such a wave can propagate freely unless it hits an impurity lying beneath the sample surface and reflects back towards the tail of the impinging pulse. The wave, reflected from a spherical Figure 5 . Convection current model. A thin layer of the bulk material is molten (thickness of the order of tens of nm) after irradiation by a femtosecond NIR laser. During NIR pulse radiation, when the molten material is subjected to the interference pattern (upper part of the figure), a spatial modulation of the pressure will be established, leading to the creation of local pressure gradients. In the areas where the pressure is higher, the 'hotter' liquid will expand by means of convection currents (along the pressure gradient). surface, has to be treated numerically for all points of the sphere. At each point of the halfsphere the reflectivity for the transverse electric (TE) and transverse magnetic (TM) compounds of the electrical vector is determined from the Fresnel equations. The reflectivity of the TE wave increases to unity with angle of incidence, whereas the reflectivity of the TM wave first reaches its minimum at Brewster's angle and then rises to unity (total reflection). This, in fact, introduces anisotropy into the reflected field. Furthermore, the TM compound of the polarization vector, which was originally parallel to the sample surface, changes its direction with respect to the direction of the back-reflected ray. As a consequence of both effects, the interference pattern in the observation plane above the sphere has a form of linear fringes parallel to the initial polarization vector as illustrated in figure 7(a) and (b). Finally, it is important to stress that the above-described model was developed solely to elucidate the structure of the observed surface pattern. For the purposes of a more detailed analysis, Mie scattering is to be incorporated into the simulation, which is, however, beyond the scope of this paper.
A comparison shows that the shape of the simulated pattern ( figure 7(b) ) unambiguously mimics the curved shape of the LIPSS structures visible in figure 7(a) , as well as in figure 4(a) and in figure 4(b) , showing a direct correlation between the shape of the light interference pattern and the shape of generated LIPSS. We did not observe any difference in shape between LIPSS created by NIR-vis beams and those created by the combined XUV/NIR-vis field. Hence, scattering is attributed exclusively to NIR-vis beams.
Conclusion
In conclusion, we have experimentally demonstrated that the dual action of NIR-vis and XUV femtosecond pulses affects materials differently, i.e. molecular PMMA and covalent a-C solids. The dual action achieves enhanced efficiency of surface processing of both materials. XUV radiation-induced formation of defects and free-charge carriers leads to alteration of the NIR-vis optical properties of the processed material. In the case of a-C, large areas of LIPSS with a spatial period of 550 nm are created that have their origin in laser-induced convective currents. Their formation is a proof of the occurrence of melting in the near-surface carbon layer.
